
DEPARTMENT OF PHYSICS, UNIVERSITY OF JYVÄSKYLÄ 

RESEARCH REPORT No. 1/1976 

STUDIES OF 

14 MeV NEUTRON ACTIVATION CROSS SECTIONS 

WITH SPECIAL REFERENCE TO THE 

CAPTURE REACTION 

BY 

MIKKO VALKONEN 

Academic Dissertation 

for the Degree of 

Doctor of Philosophy 

Jyväskylä, Finland 

March 1976 

ISBN 951-677-620-5 



DEPARTMENT OF PHYSICS, UNIVERSITY OF JYVASKYLA 

RESEARCH REPORT No. 1/1976 

STUDIES OF 

14 MeV NEUTRON ACTIVATION CROSS SECTIONS 

WITH SPECIAL REFERENCE TO THE 

CAPTURE REACTION 

BY 

MIKKO VALKONEN 

Academic Dissertation 

for the Degree of 

Doctor of Philosophy 

To be presented, by permission of the 

Faculty of Mathematics and Natural Sciences 
of the University of Jyvaskyla, 

for public examination in Auditorium 11-212 of the 

University on April 3, 1976, at 12 o'clock noon. 

Jyvi:iskyla, Finland 
1976 



Copyright 1976 

Jyvaskylan yliopisto 

ISBN  95 1 -677 -620-5 

URN: ISBN:978-951-39-9829-5
ISBN 978-951-39-9829-5  (PDF)

ISSN 0075-465X

Jyväskylän yliopisto, 2023



Preface 

It is a pleasure for me to express my sincere gratitude 

to my teacher, Professor J, Kantele; he offered a wealth of 

ideas, continuous ·encouragement and support during the course 

of studies involved in the preparation of this thesis, Thanks 

are also due to him for excellent working conditions at the 

Department of Physics of the University of Jyvaskyla, 

My gratitude is due to Professor M, Karras and Professor 

I. Bergqvist for excellent facilities for work they placed at

my disposal at the Department of Nuclear Technology of the 

University of Dulu and at the Department of Nuclear Physics 

of the University of Lund. 

To my co-authors Mr, G, Magnusson, Phil Mag,, Dr. R. Riep­

po and Mr. J. K. Keinanen, Phil.Lie,, I am greatly indebted, 

Special thanks are due to Mr, R. Komu, Mr, A, Lyhty and 

Mr. P. Paljakka for technical assistance. May I extend my 

thanks to all my other colleagues, as well. 

I am obliged to Professor P. Lipas for checking the manu­

script. Finally, I am indebted to Mrs, Terhi Rasanen, who 

skilfully typed the manuscript, 

My gratitude is also due to Suomen Kulttuurirahasto, to 

the Finnish Academy of Sciences, to Leo and Regina Wainstein 

Foundation, to Oskar Dflunds Stiftelse, to A. Nyyssonen Foun­

dation, to NORDITA and to the Rector of the University of Jy­

vaskyla, Professor I, S, Louhivaara, for financial support. 

Jyvaskyla, February 1975 

Mikko Valkonen 



Contents 

1. Introduction 2 

2. Sources of error in the activation method 6 

3. 

2 . 1 .  Lirn.i tat.ions of the act.i vat.ion nethod 

2. 2. Sources of error in the activation

7 

8 

2.2.1. Determination of the neutron energy 8 

2. 2. 2. Impurities of the sanple materials 9 

2.2.3. Activation georretry; secondary neutrons 9 

2.2.4. Determination of the neutron flux 19 

2.2.5. Stability of the neutron flux; 
acti vat.ion tirre 2 o 

2 . 3 . Sources of error in the determination of the 

induced activities 21 

2. 3.1. General 21 

2.3.2. Gearetry of the measurements; two-
detector method 2 2 

2. 3. 3. Ganma-ray intensity ratios; corrections
for positon annihilation in flight 31 

2. 4. Estimation of total errors in activation

cross-section results 

"Correct" cross-section measurements 

3. 1 . Measurements and results of the reaction

(n,2n) 

3 . 2 . Measurements and results of the reactions 

(n,p) and (n,a) 

3 . 3 . Measurements and results of neutron-capture 

reactions 

34 

37 

37 

39 

39 



4. Compa rison of experimental and theoretical

cross- section results . . 44 

44 

47 

47 

47 

5.  

4.L

4. 2. 

Reactions (n,2n), (n,p) and (n,a) 

Neutron capture 

4.2.L Comparison of experirr,ental results 

4 . 2 . 2 . Neutron capture theories 

4.2.2.1. St atistical capture rrodel 49 
4.2.2.2. Direct capture rrodel 50 
4.2.2.3. Collective capture rrodels 52 

4. 2 . 3. Comparison of theoretical and correct 
experimental results of neutron 
capture cross sections 57 

4. 2. 4. Mass-nU!lber dependence of 14-15 MeV 
neutron capture cross sections . . . 6 2 

Conclusions  . . . . . . . . . . . .  64 

Re ferences . . . . . . . . . . . . . . . . . . . .  66 



STUDIES OF 14 MeV NEUTRON ACTIVATION CROSS SECTIONS 

WITH SPECIAL REFERENCE TO THE CAPTURE REACTION 

Abstract 

Uncertainties in 14 MeV neutron activation cross­

section measurements, especially in neutron capture, have 

been studied systematically. The sources of error in the 

activation method have been pointed out. Some methods for 

the correct measurements of the neutron cross sections by the 

activation method have been developed. 

A number of new cross-section values have been 

determined and compared with other experimental and theoretical 

results. Discrepancies between former activation capture 

results and results of the spectrum method for 14-15 MeV 

neutrons have been removed with the help of the correct 

results measured in the present work. 
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During the past two decades, a large number of activation 

cross sections .fo.t' 14 - 15 MeV neutrons hctve been mectsuredl ) 

which have resulted in cross-section systematics
2-l5) .

These measurements have been especially popular in labora­

tories having simple neutron generators well suited to this 

type of experiment. On the other hand, the activation method 

appears to be a straightforward way to measure total cross 

sections which can be compared directly with the predictions 

of the various theoretical models
16-3 7l.

Sometimes, however, the suitability of the models 

is difficult to estimate because the results from different 

measurements of the same cross section may disagree very 

badly 
l,9,10,ll,12,26,27,30,32,33,43) Th f ere ore, a systematic 

study of the reasons for the differences of the various 

cross-section results for 14 - 15 MeV neutrons was called

for. This was one of the reasons for starting the present 

work; also, more specifically, it was considered important 

to find out why, in the capture reaction measurements, the 

results of the activation method
114 3) and the spectrum 

method 
91 241 26127132,3 5,4l) differed systematically.

The mass-number dependence of the activation results 

seemed to show clearly that shell effects are present i.n 

spite of the highly excited state of the nucleus involved
29) . 

The systematics of the results of the spectrum method 

demonstrated, however, that the mass number dependence of 
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the capture cross section was very weak .in the mass region 

A? 50 and all cross sections had a nearly constant value 

� 1 mb). Physically, this discrepancy would mean a 

difference in the decay mode of the highly excited state 

of the nucleus and also different descriptions of the 

neutron capture reactions. 

According to the activation results, the states 

initially populated should decay mainly via transitions 

through unbound states when the target nucleus is between 

the neutron shell closures and, if the target nucleus is 

in the vicinity of the neutron shell closures, mainly 

directly to the bound states through an El transition. The 

b(-:,haviour of the results of the spectrum method indicates, 

on the other hand, that the neutron capture reaction 

proceeds in every case through an El transition
14) . 

The importance of the present study was also 

emphasized since highly excited states reached in the 

neutron capture reaction at 14- 15 MeV energy are over­

lapping with the giant dipole resonance states. 

By examining the experimental cross-section results 

in the literature, it was established that the activation 

results scattered more than the results of the spectrum 

method. Halpern, quoted in ref.
9) , suggested that 

differences between the activation results and the 

results of the spectrum method are caused by inaccuracies 

in the activation method, because of the secondary neutrons 

produced by the reactions (n,2n), (n,n' ) etc. in the target 

or itssurroundings. 
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In the present work, reasons for the inaccuracies 

of the cross section results in the activation method 

for 14-15 MeV neutrons have been systematically studied 

and several new methods for "correct" measurements of 

activation cross sections developed44-4GI. Some cross

sections for the reactions (n,2n), (n,p), (n,a) and (n,y) 

at the neutron energy of 14-15 MeV have been measured 

using the new methods. 'rhe present results have been 

compared with the results of other measurements and with 

the results of the latest models. 

The present results of the neutron capture cross 

sections agree well with the results of the spectrum method. 

This also confirms that the "shell effects" exhibited 

by the previous activation capture data are due to 

experimental errors. 

The inaccuracies in the activation method and 

the methods for minimizing them are studied in section 2. 

The correct cross section measurements and the present 

cross section results are given in section 3. A comparison 

between experimental and theoretical results is described 

in section 4. Special attention has been paid to the 

study of the capture cross sections. 

The present work has been carried out during the 

years 1970-1975, partly at the Department of Physics, 

University of Jyvaskyla, Finland, partly at the Department 

of Nuclear Technology, University of Oulu, Finland, and 
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partly at the Department of Nuclear Physics, University 

of Lund, Sweden. Most of the results have already been 

. . 12 44-46 50 57 85) . published in earlier papers ' ' ' ' . This work is

a summary based mainly on  the followin g publications: 

1. M. Valkonen and J. Kantele:

2 .  J. Kan.tale and M. Valkonen: 

Mass number dependence of activation capture cross 

sections for 14 MeV neutrons 

Phys. Letters 39 B, 625 (1972) 

3. M. Valkonen and J. Kantele:

A simple two-detector method for precision inter­

canparisons of source strengths 

Nucl. Instr. and Meth. 99, 25 (1972)

4. J. Kantele and M. Valkonen:

Co=ections for positon annihilation in flight in

nuclear spectranecry

Nucl. Instr. and Meth. }-12, 501 (1973)

5. P .  Holnberg, R. Rieppo, A. Hietanen and M. Valkonen:

Activation cross-sections for 14. 7 MeV neutrons on

natural zinc

ISBN 951-42-0045-4 Report 25 (1972)

6. P .  Holnberg, R. Rieppo, J.K. Keinanen and M. Valkonen:

Activation cross-sections for 14.7 MeV neutrons on

chranium

J. inorg. nucl. Chem. 36, 715 (1974)

7. R. Rieppo, J.K. Keinanen andM. Valkonen:

Activation cross-sections for 14.7 MeV neutrons on

natural germanium, to be published in J. inorg. nucl. Chem. (1976)

The role of target geanetiy in 14 MeV neutron capture cross

section measurerrents

Nucl. Instr. and Meth. 103, 549 (1972)
h t t p s  : /  /  d o i  . o r  g /  1 0 . 1 0 1 6 /  0 0 2 9 -  5  5 4 X  ( 7 2 ) 9  0 0  1 4 -  6

h t t p s : / / d o i . o r g / 1 0 . 1 0 1 6 / 0 3 7 0 - 2 6 9 3 ( 7 2 ) 9 0 0 1 4 - 7

h t tp s : / /do i . o r g/10 .1016/0029 -554X(72 )90129 -2

https ://doi .org/10 .1016/0029-554X(73)90169-9

https ://doi .org/10 .1016/0022-1902(74)80798-0

https ://doi .org/10 .1016/0022-1902(76)80439-3

https://doi.org/10.1016/0029-554X(72)90014-6
https://doi.org/10.1016/0370-2693(72)90014-7
https://doi.org/10.1016/0029-554X(72)90129-2
https://doi.org/10.1016/0029-554X(73)90169-9
https://doi.org/10.1016/0022-1902(74)80798-0
https://doi.org/10.1016/0022-1902(76)80439-3
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2. Sources of error in the activation method

During the past twenty years, neutron cross section 

measurements have been almost exclusively carried out 

by the activation method
7) . In principle, the activation 

method may seem to be a simple and straightforward way 

to measure 14-15 MeV neutron cross sections. However, 

correct and reliable results are not so easily reached 

since high-quality versatile measurement equipment and 

knowledge of the details of the method, and especially 

of the sources of errors, are needed. 

Discrepancies in the previous activation cross-section 

results were mainly due to the following: 

( a) Errors due to uncertainty in neutron energy

(b) Effects of impurities in the sample

(c) Secondary neutrons from (n,2n) , (n,n') and

(n,pn) reactions in the activation target or

surrounding materials which have a dicisive

effect upon the capture cross section

measurements

(d) Uncertainties in cross sections o± reactions

used as comparison standards in the determination

of the neutron flux

(e) Strong energy dependence of the reactions

involved

(f) Uncertainties in connection with the chemical

separation procedure of the sample
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(g) Uncertainties in the measuring geometry of

the activities and trivial errors due to

the equipment

(h) Errors due to uncertainties in detection

efficiency of counters used in gross-beta

measurements and in the analysis of the

resulting decay curves

(i) Errors or uncertainties in the decay schemes

used in the analysis of the induced activities

(j) In cross-section determination of the reaction 

(n,2n), the positon annihilation peak is often

used without correction for positon annihilation

in flight

2.1. Limitations of the activation method 

The activation method cannot be used in measurements 

of the total cross sections if the half-life of the 

final nucleus is not suitable, or, when using a natural 

target, the reaction to be studied and some other reaction 

have the same result nucleus. If the disturbing reaction 

has a negligible cross section compared with the one 

studied, the effect of this disturbance can be taken into 

account, and the activation method can be used also in 

these cases. The capture cross sections for 14-15 MeV 

neutrons can be determined by the activation method and 

with natural targets only for the heaviest stable isotope 
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of an element because of the reaction (n,2n) which 

is typically about 100-1000 times more probable than the 
. 1)  capture reaction .

2.2. Sources of error in the activation 

2. 2 .1. Determination of the neutron energy 

In practice, 1 4-15 MeV neutrons are produced in 

the reaction T(D,n) 4He. If the reaction angle of the 

neutrons striking the samples can be correctly fixed in 

the determination of the energies of these DT-neutrons47l , 

only a small uncertainty due to retarded deuterons using 

thick tritium targets47) is present. Knowledge of neutron 

energies and energy distributions is important because 

of the strong energy dependence of many cross sections48).

Though neutron capture cross sections are nearly independent 

of the neutron energy in the energy region 1 4-15 MeV, 

the neutron energies must be known accurately because of 

the energy dependence of the standard reactions. If a 

tritium target is used for a long time, deuterons can be 

stuck in the target, and this may result in the D(D,n) 3He 

reaction, which produces neutrons with an energy of 

about 2. 5 MeV. In cross-section measurements of the 
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reactions (n,2n) , (n,p) and (n,a), DD-neutrons can 

be usually neglected because of the rather large 

negative Q-values of these reactions
49l . 

In capture cross-section measurements of 14-15 MeV 

neutrons, the DD-neutrons may easily spoil the results 

because of their much greater capture cross sections. 

Therefore production of DD-neutrons must be minimized by 

using the same tritium target only for a few activations. 

2. 2 .2. Impurities of the sample materials

In the published cross-section results, the information 

on sample materials has often been limited to the comments 

"natural targets" or "enriched targets". That is 

sufficient if the sample materials have had a high degree 

of purity. However, natural targets often contain a small 

amount of the element with the next atomic number. 

Other impurities in small quantities do not usually 

cause difficulties if a Ge(Li) detector with a high 

resolution is used. However, in every case, all gamma 

peaks and half-lives in the spectra should be identified. 

2 . 2 . 3. Activation georretry; secondary neutrons 

Because of neutron scattering
48) , materials between 

the tritium target and the activation target, as well as 
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the mass of the activation target, cause small un­

certainties in the neutron energy in cross-section 

measurements of the reactions (n,2n) , (n,p) and (n,a) . 

In accurate measurements, the materials mentioned above 

and the size of the sample must therefore be minimized. 

The most important sources of error in the previous 

neutron capture cross-section measurements by the 

activation method are due to too massive target heads of 

the neutron generators and too large activation targets, 

which give rise to secondary neutrons from the reactions 

(n,2n) , (n,n' ) etc. 

Besides the mass, also the geometry of the target 

head has an influence upon the production of the secondary 

neutrons. In the present work, the suitability of various 

materials for the target head has been examined by 

calculating the flux of the induced secondary neutrons 

as compared to the primary neutron flux. The primary 

neutrons pass through 5 mm thick layers of different 

materials. These materials were Perspex, aluminium, iron, 

copper, cadmium, tin and lead. 

The results of these calculations are presented in 

table 1 which also shows the cross sections
1) and the 

Q-values
48) of the reactions inducing secondary neutrons 

and densities and molecular weights of the materials. 
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Table 1. Calculated flux of the secondary neutrons ccrrpared 

with the prima:ty flux. The primary neutrons are assurred to pass 

through 5 mm thick layers of Perspex, aluminiun, iron, copper, 
cac'hniun, tin and lead. In colunn 1, the rrolecular weights and 

densities (kg/m3) of the materials are given. The coss sections 

and Q-vall.Es of the reactions whidl produce semndru:y neutrons are 

sh=n in mlmms 2 and 4, respectively. 'Ihe underlined nurrbers 
refer to isorreric states. 

Material a(mb) F /Fse pr Q(MeV) 

(%) 

Perspex: 
C5H802
M "" 80 

p = 1.19 2
H a(n,2n) = 192 - 2.2

12c a(n,2n) = 6 -18.7
16

0 a(n,n'p) = 15 -12.6

Al: 0.24 
M = 27 .0 a(n,2n) i 0.17 -13.1

p = 2. 70 o(n,n'p) = 78 - 8.3

Fe: 3.86 
M= 55.8 

p = 7.86 
56Fe a(n,2n) = 470 -11.2

a(n,n'p) = 35 -10.2

Cu: 5.94 
M= 63.5 

p = 8.92 
63Cu a(n,2n) = 500 -10.8
65Cu a(n,2n) = 980 - 9.9
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Table 1 continue 

Cd: 4.44 

M= 112.4 

p = 8.64 
llOCd o(n,2n) = 1000 - 9.9

lll-114Cd o(n,2n) " 900 " - 9.0 
116Cd o(n,2n) = 820 - 8.7

670 - 8.9

Sn: 3.50 

M= 118.7 

p = 5.75 

112-120Sn o(n,2n) " 1200 "' - 9.3 
122Sn 0(n,2n) = 1450 - 8.8

Pb: 3.49 

M= 207 .2 

p = 11.34 
206Pb 0(n,2n) = 1100 - 9.1--
207Pb o(n,2n) "1100 - 6.7
20�b o(n,2n) = 990 - 8.4



On the basis of the results in table 1 ,  aluminium 

was selected as the material for the target head. The 

first design of the target head, target head I, with 

water cooling is presented in fig. 1. 

TARGET HEAD I 

WATER 

COOLING 

OEUTER:JNS 

TRITIUM 

TARGET 

Fig. 1. Cross section of the target head I with water 

cooling. 'Ihe material is aluminium. 

Target head I is suitable for cross section measurements 

of the reactions (n,2n), (n,p) and (n,a). 
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The suitabil ity of target head I for capture cross­

section measurements was examined by inserting 5 mm thick 

sl abs of different materials (mentioned in table 1) between 

the target head and a potassium iodide sample during the 

activation, and by determining the apparent total cross 

section for the reaction 12 7r(n,y) in every case. The

results are presented in fig. 2. 

10 

�5 
� 

1-
z 
w 
0:: 

00 

1PER5PEX 
jAI 

1cu 

5mm AIR (TARGET HEAD l) 

REACTION :1271 (n,t) 
TARGET: 130mg/cm2 Kl 

TRUE CROSS-SECTION YAWE (TARGET HEAD!l) 

50 10 0 150 200 
MASS NUMBER 

�- '.Ihe influence of 5 rrm thick l ayers of various 

materials placed between target head I surface and a potassium 

iodide sample. The materials are listed in table 1. 

For comparison the =rrect cross-section value for the 

reaction 127r(n,y) from fig. 5 is also shOt/11.

The main significance of these results for this 

work was the difference between 5 mm of air and 5 mm of 
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aluminium. This di fference showed that target head I 

was still too massive for accurate measurements of the 

capture cross sections. Especiall y for the determination 

o f  capture cross sections, another target head, target

head II with air cooling, was developed. This target 

head is presented in fig. 3. 

TARGET HEAD II 

ACTIVATION 

TARGET 

I 
AIR COOLING 

TRITIUM 
TARGET 

� Cross section of target head II with air cooling. 

'Ihe material is aluminium. The thin tritiun target is 

deposited on a 0.025 rrm thick copper backing. 'Ihe aluminium 

foil between the activation target and the tritiun target 

is only 0. 15 rrm thick in order to minimize the production 

of secondary neutrons. 
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In target head II, where the total mass has been 

minimized, neutrons penetrate a 0.02 5 mm thick copper 

backing of the tritium target and a 0.15 mm thick 

aluminium foil before hitting the sample. In the design 

of this target head, a sufficient mechanical strength 

required by the atmospheric pressure is achieved, while 

yet having a minimum amount of matter in the immediate 

vicinity of the targets. 

In the present work the influence of the sample 

thickness on the capture cross-section results has been 

studied experimentally. The dependence of the apparent 

capture cross section on the thickness of the activation 

target measured with target head I in the reactions 

81
Br(n,y) , 

127
I(n,y) and 

170
Er(n,y) is presented in fig. 4. 

An interesting feature of fig. 4 is the much 

stronger dependence of the 
81

Br(n,y) cross section on the 

sample thickness as compared to the other cases. 

By investigating molecular weights
51) , cross sections 

and Q-values
49) of the reactions inducing secondary 

neutrons, energy distributions of the induced secondary 

neutrons
16) , and capture cross sections for thermal 

48) 
and low-energy neutrons , the stronger dependence of 

the 
81

Br(n,y) cross section can be qualitatively under­

stood. Since the processes involved are rather complex 

and the experimental data are incomplete, it is hardly 

possible to carry out accurate quantitative calculations 

on the behaviour of the curves presented in fig. 4. 
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REACTION: 61Br (n,r) 
TARGET: KBr 

f- _._1------rl-
� 1 t1-------+--- REACTION 1�r(rw) 
� jl TARGET: Er,Ga 
a. 
<( 

100 200 300 

TARGET THICKNESS (mg/cm") 

Fig. 4. Dependence of the apparent capture cross 

section on the thickness of the activation target 

in sare cases (target head I). 

The dependence on target thickn ess o f  the apparent 

cross section for the reaction 
127

I(n,y) (fig. 4) 

was remeasured in target head II geometry. The resu lt s 

shown in fig. 5, as  compared with tho se in fi g. 4, 

c l early demonstrate the great difference betwe en the 

target heads I and II. 
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s2 
z 
0 
.= J_ 

� __ --f-f--
� 1 - - - REACTION:1271 (r\,f) 

TARGET: Kl (j '-TRUE CROSS-SECTION VALUE 
1-

z 

io'---�---�---�---�-
o 50 100 150 200 

TARGET THICKNESS (mg/cm2) 

� Apparent total cross section for the reaction 
127I(n,y) at 14.5 MeV mean neutron energy as a function 

of sanple thickness. The oontriliution of the "massless" 

target head II to the cross-section values is estimated 
to be " 0.1 nb. 

The curve for the target thickness dep endenc e 

of the apparent cross sections m easured in a "massless" 

target head geometry (for example, in target head II 

geometry) is to b e  extrapolated to zero thickness o f  

the target in order to exclude multiple reaction 

eff ects. Because the "massless" target head is not really 

massless, a small target head contribution correction 

must be made. In the target head II geometry, this 

127 correction was about 0.1 mb for I{n,y).
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Similar curves for the thickness dependence of 

capture cross section were obtained by Ponnert, Magnusson 

and Berqvist
52) for 115rn(n,y)

116mrn.

Devaney53) has calculated multiple-reaction

correction factors for contributions of large activation 

targets to capture cross sections. Since the processes 

involved are complex and the calculation method of 

Devaney rather simple, the results are less reliable 

than those obtained experimentally (see, for example, 

fig. 5). 

2. 2. 4. Determination of the neutron flux 

The most common standard reactions used to determine 

the neutron flux in the activation method are 
2 7Al(n,a),

27Al (n,p), 56Fe (n,p), 6 3cu(n,2n) and 65cu(n,2n) .

Of course, the choice of the standards depends on the 

reactions to be studied and on the measurement equipment 

available. In general, at least two standard reactions 

should be used in order to eliminate the effects of 

variations of the neutron energy. 

Because of uncertainties in the cross sections of 

the standard reactions
1), the ratios of the unknown and

standard cross sections should also be reported. This 

would be of great help in later re-evaluations of the 

results after possible changes in the adopted values of 

the standards. 
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2.2.S. St ability of the neutron flux; activation tiJre 

An e xampl e of the influence of t he ins t ability 

cf the neut r on flux upon the re sul t s  o b t aine d by the 

activation me tho d is given in fig. 6. 

0 

>-
I-

u 

1.1.J 

:x: 
I-

0 

1.1.J 

u 

¾ 

15 

A=20% 

10 

A:10% 

5 
A=5% 

1.0 1.5 2.0 5.0 10.0 

�- Change of the r atio of two simultaneously induoed 

activities when the neutron flux is during the first half 

of the acti vat:i.on period 6% less and during the second 

half 6% m:,re than the mean vall.E of the flux, as oorrpared 

with the case of a oonstant flux. 'Ille change of the r atio 

is plo t ted as a function of the half-life of the stand ard 

activity. 'Ille activation period is taken as equal to the 

half-life of the activity studied; the half-life of the 

standard activity is n times this half-life. 
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The change of the ratio of the induced activities 

in fig. 6 show that an instability of the neutron flux 

must always be taken into account in a cross-section 

measurement by the activation method. In the present 

work, the variations of the neutron flux are followed and 

corrected for with the aid of neutron detectors. The 

necessary corrections can be made accurately by dividing 

the activation time into short periods and by detecting 

the number of neutron pulses during each period
54) . 

The activation time should be chosen separately in 

each case depending on the build-up factor of the 

reactions, the stability of the neutron flux and the 

total time available for the measurement. 

2.3. Sources of error in the determination of 

the induced activities 

2. 3 .1. General 

Obviously the method of measurement of the activities 

must be chosen separately depending on the case. The main 

principle should be, however, to measure gamma-ray 

spectra, if possible, because of uncertainties in the 
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detection efficiency of S-counters used in gross-beta 

measurements and in the analysis of the spectra. 

Beta-ray measurements are useful only in the cases 

in which the half-life of the activity to be determined 

differs much from the half-lives of the other activities 

induced in the activation target. 

For several apparent reasons, the measurements of 

singles spectra is the simplest and the most reliable 

method to determine activities. Absorption corrections 

are connected with the experimental determination of 

efficiency curves for Ge(Li) detectors. Methods of 

determining the intensity of gamma peaks are well known, 

and so the main attention should be paid to the exact 

carrying out of these determinations. 

In the present work, radiochemical methods were not 

needed consequently, large uncertainties often 

characteristic of these methods were avoided. 

2.3.2. Geanetry of the measurerrents; two-detector method 

In measurements of direct gamma-ray spectra, there 

usually are no difficulties in the measurement geometry 

if the activities to be compared can be measured at the 

same time
55l . However, if the activities must be studied 

one after another, it is very important to use a geometry 

where both samples can be placed in the same place. 
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One of the latest solutions to this problem, a two-detector 

method, has been developed in the present work. The 

basic idea of the present method can be understood from 

figs. 7 and 8. The former figure shows two geometric 

arrangements which can be applied in comparing sources 

placed near the origin of either coordinate frame. In the 

latter figure, the relative counting rates of the two 

detectors are shown as functions of the x coordinate of 

a 
137

cs source (2 mm in diameter) moved along the x axis. 

When the source is near the origin, the changes in the 

two counting rates compensate each other fairly accurately, 

as can be seen from the curve which represents their 

average. For example, the average value at x=l mm coincides 

with the "center" value N
0 

(which represents the ideal 

case of no geometric uncertainty) within 1 � ,  although 

each of the counting rates N
A 

and N
B 

differs from N
O 

by more than 2 % . 

If the source is not very close to the origin, or 

if the x coordinate is not known or cannot be determined 

accurately, the mere average counting rate l/2(N
A

+N
B

) 

may not give sufficiently accurate or reliable information. 

This difficulty can be overcome with the aid of simple 

correction curves of the type shown in fig. 9. In this 

figure, the deviation of the mean counting rate from N
O 

is plotted against the ratio N
A/N

B
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Geometry I 

y 

Detector A 
-50 mm--50 mm-

Detector 8 

X 

Geometry JI 

y 

-so mm--�50 mm- Detector 8 

Detector A 

I 

�- 'I\vo georretric arrangeme..nts suitable for

preci.sion interccmpariscns of source strengths. 

In both cases, the detectors are placed in the sarre 

horizontal plane; in georret:ty I, the axes of the 

detectors coincide; in geometry II the axis of detector 

A lies at y = -5 mm and the axis of detect.or B at 

y = +5 mm. The forrrer georretry applies to measurements 

of point or line sources placed on the x axis, while 

the latter geometry allows sorre uncertainty i.n the 

source position in both x and y directions. 

Consequently, geometry II is al.so suited to precision 

coirparisons of disc (or "spot") sources. The 

detectors employed are 7. 6 cm by 7. 6 cm NaI (Tl) 

crystals. 
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Consequently, if a small source is placed some­

where on the x axis between the detectors, the sum 

and the ratio of the two measured counting rates can be 

used in an obvious way to compute the "true" counting 

rate N0, in principle to any desired accuracy. This

statement also holds for a line source coinciding with 

the x axis. Uncertainties due to statistics, peak area 

determinations, absorption corrections etc. are not 

considered in the present discussion. It is assumed that 

the efficiency and correction curves can be represented 

by second-order polynomials, which is well justified 

(cf. caption of fig. 8). 

In many experiments it may not be possible to place 

the source accurately on the x axis, or even the 

dimension of the source may require that the effect of 

nonzero y or z coordinates be taken into account. Fig . . 10 

shows the variation of the counting rate of detector B 

with the y coordinate in geometry I for x = +5, 0 and 

-5 mm. The y dependence of the counting rate is obviously

much weaker than the x dependence; for example, 

IYI < 1.5 mm corresponds to an efficiency decrease of 

1 %:5. However, if a two-dimensional ("spot") source is 

being studied, or if the source position is not 

accurately known, geometry I may not be satisfactory. 

In such case geometry II can be used as it helps to 

compensate for position uncertainties in two dimensions� 
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Relative 
count rate 

Geom.I 

Geom.II 

Fig. 8. Relative counting rates NA and NB of 
the detectors sh= in fig. 7 vs the position of the 

source on the x axis (y=O). Note that the curves for 
both gearetries (sho,m for detector B only) are alrrost 
identical. In the rreasurernents a 137cs source was

employed, and the =ves represent the second-order 
polynomial fits to the data cbtained. (Practically 
all of the experin-ental points and their limits 
of e=r lie within the drawn curves.) It is easy 
to see that the average counting rate (1/2) (NA+NB) 
is fairly insensitive to changes in the x coordinate, 

especially at small values of x. 
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·;;
Q) 'O

---- Geom. I (y=O) 

-- Geom. II (y=O) OJ> 
:g 5x1Q-3
a; 

0 

1.10 

2 

1.20 1.30 

3 4 5 

Fig. 9. Deviation of the rrean counting rate 

6 

(1/2) (NA+NB) from the "center" ==ting rate N
0 

plotted vs the ratio NJ!'NB (or Ne'NA) . (At x=0,

y=0 , NA =NB =NO. ) These curves have been obtained

directly from those of fig. 8 and oorrespond 

&.or!:'s. 
Na N,. 

lxl(mml 

to the case y=0 . With the aid of the above 

deviation curves, one c-,an easily compute the "true" 
or "=ter" ool.Il1ting rate NO fran the rreasured NA
and NB. It can be seen that, if the observed 

COlll1ting rates do not differ fran each other, 

by rrore than 5 % (whim corresponds to the 

case lxl < 1 rrm), the rrean values (1/2) (NA+NB)
deviates from NO by less than 1 % • 'Ihe x scale
is sho..m in the figure for cx:nparison only; in 

the actual correction procedure, no infonnation 

on the x coordinate is needed. 
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Relative detection 
efficiency of detector a

in geometry I 

2 4 6 

x=-5mm 

x=0 

x=+5mm 

8 10 

lyl(mm) 

D2pendence of the de tection efficiency 

(or counting rate) of detector B on the y coordinate 

in gearetry I. 

With the aid of fig. 10, it can be understood that 

the misalignment of the detector axes in geometry II 

has the effect that, if IYI < 5 mm, any step in the ±x 

or ±y din>ctions gi.ves rise to an increase in .the 

counting rate of one of the detectors and to a simuitaneous 

decrease in the counting rate of the other one. There-

fore, a correction method along the lines described 
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above can be expected to apply in this case, too. 

It turns out, in fact, that the very same simple 

method illustrated in fig. 9 gives fairly good results 

also in the two-dimensional case. In other words, both 

x and y corrections can reasonably well be performed 

merely by using the sum and the ratio of N
A 

and N
B 

together with the correction curve of fig. 9. The 

accuracy of the simple correction method as applied in 

the xy plane is illustrated in fig. 11 which shows the 

errors made when the source is placed at some points 

near the origin. The usefulness of the method in 

measurements with two-dimensional sources is apparent. 

It is clear that the present type of arrangement 

can be absolutely calibrated accurately with the aid 

of sources with known disintegration rates. The 

detectors do not need to be identical; for example, 

the method has been used successfully with two Ge(Li) 

detectors of different types. 

The correction curve to be employed must of course 

be determined for each geometry and y-ray energy used 

in the source strength determinations. However, if the 

energies to be studied are not very low, the relative 

efficiency (or counting rate) curves of the type 

illustrated in fig. 8 depend only weakly on the y-ray 

energy. Estimates based on known efficiency curves 
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IYI 
(mm) 

IN� - Nol 

5 -
No 

0.3 °/o 

4 0.2'¼ 

3 ... 
0.1 °/o 

2 0.050/o 

1 -
0.02¾ 

I I I . • 

2 3 4 0
0 1 

Ix! (mm) 

Fig. 11. L:iln:i.ts of error of the simple 

correction rrethod illustrated in fig. 9, as applied 
in gearetry II where the x and y coordinates are both 

alla,ied to change. N0 is the "renter comting rate"

obtained frcm the actual rates NA and NB with the aid
of one of the correction curves of fig. 9 . 'Ihe 

points indicated by dots are calculated on the basis 
of the curves in fig. 10 . 'Ihe points have been 

simply connected with straight lines to give a picture 

of the ac=acy of the rrethod. As an exarrple, if a 

disc souroe of 5 mn in diarreter is plaoed {horizontally) 
at the oenter of the system within a radial 

ac=acy of 2 mn, the equivalent comting rate N0
can be detenn:i.ned with an ac=acy of better than 0.05% 

{if mcertainties due to vertical position, absorption 

and other factors can be neglected). 
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show, for example, that the curves in the energy range 

of 0. 5 to 2 MeV corresponding to the x coordinate range 

of fig. 8 do not deviate by more than 0. 5 % from the 

curves determined for the 137cs y-ray energy of 661 keV.

In the range of 1 to 2 MeV, all curves agree to within 

± l %o with the curves determined for the energy of 

1. 5 MeV. 

2. 3. 3. Garrrna-ray intensity ratios; corrections for 

positon annihilation in flight 

Cross- section results by the activation method are 

directly proportional to the intensity values of the 

observed gamma lines and therefore a good knowledge of 

decay schemes is necessary for good cross-section results. 

Previously, discrepancies and often errors of decay 

schemes gave rise to the scattering of the cross-section 

results. The rapid development of the knowledge of decay 

schemes during the last few years can be seen by looking 

at results given in the two commonly used handbooks, 

Table of Isotopes59l and Nuclear Data Tables58l . In some

cases the intensity values given in these books differ 

by more than a factor of ten. Differences in the cases 

of "well-known" nuclei are not so large, but there are 

5-10 % differences in the intensity values of standard

activities, too. 
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In cross-section measurements of the reaction 

(n,2n) the 511 keV positon annihilation peaks are often 

used to measure the positon activities. This is a useful 

method if the intensity of positons is well-known 

and if the corrections for positon �nnihilation in flight 

are made. 

In the present work, the probability of positon 

annihilation in flight was studied both theoretically 

and experimentally. Calculations were made using the 

theories of Jaeger and Hulme38l and of Bethe39l for 

single- and two-quantum annihilation in flight, respectively, 

and the Fermi beta-decay theory40l . Confirmation of the 

theoretical basis employed was obtained by comparing total 

absolute probabilities for annihilation in flight of 

62cu positons in Perspex, copper, cadmium and lead,

using a new differential method46) . The agreement with 

the theory was found to be excellent. 

The decrease of the annihilation peak by annihilation 

in flight46 l depends on the end-point energy of positons 

and on the annihilation material as shown in fig. 12. 

The curves in fig. 12 have been determined on the 

assumptions that the atomic number of the positon emitter 

is Z0 = 29 and the positon transition is allowed. The

curves can be used in all cases because the effect of 

the variation of Z0 is very small.
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12 

2 6 �-·- • ., +--
-

-+----/ 

0 �-�--� ---'---------'--- -------'------_L__ __ j_ _ ___J 
0 

POSITON END- POINT ENERGY (MeV) 

Fig�. Calculated average probabilities of 

anniliilation in flight (single- plus two-quantum) 

of p:Jsitons of allaved continuous spectra. The 

curves for the different stopping materials are 

calculated for the parent atomic nurber Z
0 

= 29.

HcwP.vP.r, the dependence on z 
O 

is very weak and 

can be neglected in all practical cases. The 

curve labelled Z = 6 i.s actually calculated for 

Perspex (C5H
8
o2)n.



-34-

2.4. Estimation of total errors in activation 

cross-section results 

When known quantities of materials have been 

activated and the induced activities determined, the 

cross section can be calculated in a straightforward 

way. These calculations are based on the fact that the 

induced activity is equal to the measured activity when 

the activities are normalized to the same instant of 

time. In the present work, the normalizing point is in 

every case the end of the activation period. 

The ratio of the cross section to be determined, 

crt 
, and the standard cross section o

n is given by

the formula 

(a) 

A t 
e 

t ot (Abs) 
txTt x � x 

n on 
s n

->- t 
1-e

n s 

->- t 
1-e t s

(surrro) 
t 

(surrro) 
n 

x � 
A 
pn 

where the subscript t refers to the "unknown" activity 

and n to the standard one (in the following, i = t 

or n) and 
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Mi molecular weight of the material, 

mi mass of the sample material, 

pi percent abundance of the target isotope, 
loge2

Ai (Tl/i . 
, with T 112 the half-life of the resulting

activity, 

ts activation time, 

A 
pi 

area of the gamma peak, 

(DT)i = dead-time correction,

E . detection (photopeak) efficiency of the gamma ray, 
pi 

P'i percent gamma-ray intensity, 

tmi measuring time, 

t0i waiting time (from normalizing point to starting 

point of measurement), 

(Abs)i
(summ). i

absorption correction, 

summing correction. 

In a beta measurement r: . must be replaced by 
pi 

the efficiency of the beta counter, incorporating the 

corrections for self absorption and backscattering from 

the backing of the sample. 

In cross-section measuremenLs of the reaction (n,2n) 

where the activities are determined from the annihilation 

peak of positons, corrections for annihilation in flight 

must be made in formula (a), too. 

The total error in the activation cross section 

results from the uncertainties in several terms in formula 

(o). The most important contributions lo the total error 
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are due to the following factors: uncertainties of the 

standard reactions (subsection 2.2.4), uncertainty in 

the measuring geometry (subsection 2.3.2), dead-time 

corrections, statistical uncertainty of the peaks in the 

gamma-ray measurements, uncertainties in the gamma-ray 

intensities (which have a great effect), and the failure 

of the correction for positon annihilation in flight 

(subsection 2.3.3). In beta measurements, the efficiency 

corrections and self absorption of the samples must 

also be taken into account. 

In the examination above, it is assumed that the 

neutron flux is constant during the activation. The 

effects on the final cross-section results due to 

variations of the neutron flux are discussed in subsection 

2. 2. 5.

In measurements of the neutron capture cross section, 

also secondary neutrons with significant effects must 

be taken into account. The exact determination of the 

effects of the secondary neutrons presuppose often 

measurements with special geometries (subsection 2.2.3). 
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3. "Correct" cross-section measurements

In the present work, a number of cross-section results 

of the reactions (n,2n), (n,p), (n,a) and (n,y) for 

14 -15 MeV neutrons has been determined using the methods 

of chapter 2. In these measurements special attention 

has been paid to the elimination of the effects of the 

sources of error and to the accuracy of the required 

corrections. The experiments have been carried out using 

Ge (Li) detectors and modern electronic equipment 44-46152156-571.

Activation targets have been natural samples with purity 

degrees better than 99.9 percent. Only in the case of 
103Rh(n,y) leading to two 204Rh isomers591 , a plastic

scintillation detector was used451 and the beta counting 

performed. The reliability of this measurement was checked 

by following the decay of the B spectra. 

3.1. Measurements and results of the reaction (n,2n) 

The cross section of the reaction (n,2n) has been 

measured for 39K, 50cr, 63cu, 64 zn, 70Ge, 69Ga, 79Br,

107Ag, 141Pr and 14 4sm by using 14 .7 MeV neutrons. The

reactions 27Al(n,p), 27Al(n,a) and 63cu(n,2n) have been

used as standard reactions with adopted cross-section 

values of 65 ± 5 rnb4 81, 115 ± 5 rnb4 81 and 535 ± 25 rnb,

respectively. 
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In th e f ollowin g table 2 half-lives o f  the induced 

activities5 8) 
are shown, to gether with the intens ities 

5 8 59 ) 
and end- po int ener gies of the pos iton spectra 

' 
and 

th e pr esent cross-section results. 

Table 2. 'Ihe present cross-section results (a ± 6cr) of the 

reaction (n,2n) at 14. 7 MeV mean neutron energy. 

Induced activity Cross .section (mb) 
Reaction 

a)T
l/2 

39K(n,2n) 38gK 7.71
m 

50cr(n,2n) 49cr 41.9 m 

63cu (n,2n) 
62eu 9.�

64Zn (n, 2n) 63Zn 38.6
m 

69Ga(n,2n) 68Ga 68.:fl
70Ge(n,2n)

69Ge 39.2h 

79Br(n,2n) 78Er 6.4
m 

107 Ag(n,2n) l06gAg 24.lm 

14¾>r(n,2n) 140Pr 3.39m 

144sm(n,2n) 
143sm 8.9m 

a) Fran refs. 58 and 59. 

I +(%) a) 
f3 

100 

93 

97. 5 

100 

88 

34 

92 

70 

50 

50 

T (M2V)
a) 

0 
o(n,2n) 6o(n,2n) 

2.68 4.7 0.55 

1.54 24 5 

2.91 535 25 

2.34 190 20 

1 .90 820 80 

1.22 575 130 

2.55 955 55 

1.96 700 70 

2. 32 1590 160 

2.4 1250 150 



3.2. Measurements and results of the reactions (n,p) and (n,a) 

The cross section of the reaction (n,p) have been 

measured for 52cr, 

70Ge, 72Ge, 73Ge,

53c 54c 64z 66z 67z 68z r, r, n, n, n, n, 

74Ge and 76Ge and the cross sections

of the reaction (n,a) for 54cr, 68zn, 72Ge and 74Ge.

The neutron energy and the standard reactions were 

the same as those used in the cross-section measurements 

of the reaction (n,2n). In table 3 are given the half­

lives of the final activities58) , the energies and 

intensities of the gamma peaks used in the determination 

of the activities58) , and the present cross section

results. 

3.3. Measurements and results of neutron-capture 

reactions 

In the present work, the aim of the neutron capture 

cross-section measurements was to find the reasons 

for the differences between the results from the 

activation method7) and the spectrum rnethod26) . When

the reasons for the activation errors were discovered 

(see section 2 and ref. 4 5), the neutron capture cross 

section was measured for 51v, 81Br, 103Rh, 127r, 1 54sm, 

160Gd, 165Ho and 170Er at a neutron energy of 14. 5 MeV. 
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Table 3. 'Ihe present cross-section results of the reactions 
(n,p) and (n,o:) at 14.7 M=V mean neutron energy. 

Induced activity 
Reaction 

52Cr(n,p) 52V 
s3 53vCr(n,p) 

54Cr(n,p) 
54v

64Zn(n,p)
64

Cu 

66Zn(n,p)
66

Cu 

67Zn(n,p) 67Cu 

68zn(n,p) 68cu

72
Ge(n,p) 72

Ga 

73
Ge(n,p) 73

Ga 

74
Ge(n,p) 74

Ga 

76
C€(n,p) 76

Ga 

54cr(n,o:) 
5½i

68 • 6� Zn(n,o:) i 

72
Ge(n,o:)

69�

74
Ge(n,o:) 7�n 

Tl/2 

a)

3. 75
m 

1.55
m 

55
S 

12. 71h 

5.lm 

61. �

308 

14.2
h 

4.9h 

8.25
m 

27S 

5. s111

2.56
h 

13.sh 

3.9� 

a) Fran ref. 58.

Ey(keV)
a) I (%) a)

y 

1434 100 

1006 89 

835, 986 100, 82 

511A 38 

1039 9 

187 40 

1078 95 

834 95.6 

297 87 

598 87 

563 66 

320 95 

1482 25.7 

439 95 

609 65 

Cross section 
(J /',(J 

94 10 

40 7 

15 4 

211 20 

76 7 

140 20 

11 2 

42 4 

16 3 

12 1 

3.1 1.5 

7 4 

11 2 

11 2 

20 2 
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Differences between old results by the activation 

method and results by the spectrum method were most 

conspicuous in these cases
12) .

In the following phase of the present work, all 

possible cases for capture reaction measurements in the 

region N; 28 were examined in order to find the 

cases in which capture cross sections can be measured 

by the activation method with better accuracy than 20 

per cent. It was supposed that the discrepancies due 

to efficiency corrections and standard cross sections 

are less than 5 per cent. In these investigations, 

special attention was paid to other reactions, to the 

accuracy of the decay schemes and to the requirements 

of sufficient counting statistics. The accuracy of the 

counting statistics depends mostly on the half-life of 

the resulting activity and the intensity of the observed 

gamma rays, the abundance of the target isotope, the 

available neutron flux and the total efficiency of the 

available detector. The results are presented in 

table 4. 

In table 4, one can see that the number of 

suitable cases for capture cross section measurements 

using natural targets and the activation method is limited. 

The list in table 4 is still shorter if the available 

neutron flux is lower than the flux used in the first 

phase of the present work (F "' 10 7 ... 108 n/cm2s) .
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Table 4. Suitable cases for capture cross-section 
rreasurerrents by the activation rrethod. 

Target 

Isotope Abund. a) Tl/2
b)

51v 99.76 3.7� 

55
Mn 100 2.58'71 

71
Ga 39.6 14.lh 

75
As 100 26.5h 

82Se 9.19 25.0m 

8�r 49.46 35.3h 

89y 100 3.lh 

104Ru 18.58 4.4� 

130
Te 34.48 25m 

30h 

1271 100 25m 

l38i3a 71.66 82.� 

139
La 99.911 40.2h 

154Sm 22.71 2:fl 

160
Gd 21.90 3.7m 

170Er 14.88 7.52h 

176
Yb 12. 73 1.9h 

186w 28.41 23.9h 

193Ir 62.7 17.4h 

197Au 100 64.!f-

a) From ref. 59 .
b) From ref. 58.
c) Fran refs. 58 and 59.

Indured activity 

E (keV)
b) I (%l e) 

1434 100 

846 99 

834 95.63 

560 41.05 

356 69.0 

777,554 83.3,70.5 

202 97 

724 44.5 

150 67.7 

774 46 

443 20.5 

166 27.4 

487,1596 46.7,96.0 

104 72.5 

361 66.0 

308 64.4 

150 17.2 

686,480 32.0,26.0 

329 13.0 

412 94.7 

m or g 

m+g 

g 

m+g 

m 

g 

m 

m+g 
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Tab le 5. The present capture c ross-section results and 

the laboratories in which the rreasurements were 

carried out. 

Reaction 

51v(n, y) 52v

8� 82 r(n,y) Br

103
Rh

(n,y)l0'

1271 (n,y) 1281

154S ( ) 1555 m n,y m
160

Gd.
(n,y) 161

Gd. 

165H ( ) 166H o n,y o

170E ( )17� r n,y r

l 76
Yb 

(n ,y ) l 77
Yb 

186w(n,y) 187w

Cross 

(nb) 

0.60 

0.9 

2 

0.9 

0.9 

1. 0 

2 

0.9 

1.0 

1.1 

section 
Laboratory 

(rob) 

0.15 Univ. of Jyvaskyla 

0.3 -
" 

-

0 .5 -
II 

-

0 .3 -
II 

-

0.3 -
" 

-

0.4 -
" 

0 .5 -
" 

-

0 .3 -
" 

-

0 .3 Univ. of Oulu 

0.4 -
" 

In addition to the c ases mentioned before, the 

c apture c ross sections for 176Yb an d 186
w have

been measured. Al l p resent neut ron c apture c ross-section 

results are p resented i n  tab le 5. 
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Comparison of experimental and theoretical 

cross-section results 

4.1. Reactions (n,2n), (n,p) and (n,a) 

The statistical theory 3,lO,l6,l8,20,23,25,87l has

been found most successful in explaining the reactions 

(n,2n), (n,p) and (n,a). According to this theory, the 

incident neutron gives rise to the formation of a 

compound nucleus which can decay through a number of 

different channels. The differences between the various 

statistical calculations are mainly due to the different 

formulae for the nuclear level density. An excellent 

review of the different models for the (n,2n) reaction 

is given in ref. 3. 

The present measurements of the cross sections of the 

reactions (n,2n) , (n,p) and (n,a) were limited to the 

regions A �  40-150, A �  50- 80 and A �  50-80, respectively. 

From table 6a-c one can see that the agreement 

between the predicted and .the experimental results is 

64 64 quite good except for the cases Zn(n,2n), Zn(n,p),
68zn(n,p) and 74Ge(n,a). In the case of 64zn(n,2n), the

present experimental result agrees very well with the 

theoretical result of Bormann et a1.3l.

Lu and FinklO) have calculated some (n,2n), (n,p) and

(n,a) cross sections for medium-Z nuclei using in their 
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statistical model a con stant-n uclear-temperature approximation 

for the level densities. The results of these calculation s 

are rather similar to those presented above. 

T able 6a. (n,2n) cross-section ccrnparisan for 14. 7 MeV 
neutrons. All results are given in rrb. 

Target Present Other exp. Pearlstein 
experirrent ref. 1. theo:ry ref. 25 

39K 4.7±0.55g 5 .lg 4.9 
8.8gtm

50Cr 24±5 29.2 49 

63Cu 535±25 500 540 
64Zn 190±20 155 280 
69Ga s20±so 850 730 

70
Ge 575±130 606 460 

79 Br 955±55 930 960 
107Ag 700±7og 800 1410 
14�r 1590±160 1670 1820 

144Sm 1250±150 1740gtm 1565 

1200g 
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Table 6b. (n,p) cross-section carparison for 14.7 MeV 

neutrons. All results in rrb. 

Target Present Other exp. Levkovskii 

experirrent ref. l. theory ref. 87 

52Cr 94±10 110 80 

53Cr 40±7 43 45 

54Cr 15±4 - 25 

64Zn 211±20 210 140 

66Zn 76±7 72 57 

67Zn 140±20 88 37 

68
Zn 11±2 20 24 

72
'21= 42±11 47 30 

73
Ge 16±3 71 21 

74
'21= 12±1 11.2 14 

76
'21= 3.1±1.5 - 6.6 

Table 6 c .  (n,a) cross section canparison for 14.7 MeV 

neutrons . All cross section results· in rrb. 

Target Present Other exp. Levkovskii 

experirrent ref. l. theory ref. 87 

54Cr 7±4 - 10 

68
Zn 11±2 26 9.6 

72
'21= 11±2m 0.47 12 

74
'21= 20±2m 28 5.6 
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4.2. Neutron capture 

4.2.1. Canparison of experimental results 

The present correct activation results, previous 

activation results and spectrum method results for 

neutron capture cross sections are shown in table 7. 

The present activation results agree with the 

spectrum method results quite well, while the previous 

activation results are clearly in disagreement with other 

results. 

4.2.2. Neutron capture theories 

In the theoretical examinations of the capture cross 

sections for 14- 15 MeV neutrons there are in principle 

three different models: 

( 1 ) The statistical model
16) 

in which the compound 

nucleus decays through the radiative channel and which 

is a direct extension of the thermal neutron capture 

theory. 

(2) The direct capture model
17) 

where the incident 

neutron is captured directly into an empty bound single­

particle orbit and the excess energy is emitted as 

a gamma ray. 
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Table 7 .  Comparison of experirrental neutron capture 
cross-section results at 14-15 MeV energy. 

Target Spectrum (rrb) Present (rrb) Previous activation rrethod (rrb) 

51v o. 73±0.1526) 0.60±0.15 0. 37±0 .06
15) 

81nr 1.1 ±o.3
41) o.9 ±o.3 3.5 ±o.843l 

103
Rh 0. 75±0.2032) < 2 13.861) , 14.0±3.015) 

1271
I 

1.09±0.0824) o.9 ±o.3 2.5 ±0_ 5
43l 

154
Sm o.9 ±o.3 -

160
Gd 0.90±0.06

9) 1.0 ±o.4 3.0±1.062) , 13_5±5_6
43l 

165Ho 1.05±0.06
9) 

<2 8.8to.6
15l, fc9.4543� 6.87±1.44 60l 

170Er - o.9 ±o.3 -

176
Yb - LO ±o.3 -

186w 0 _93±0 .1763) 1.1 ±o.4 4.o±o.843) 
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( 3) The collective models19121122134136137l in which

the incident neutron, when inelastically scattered into 

a single-particle orbit, excites the target nucleus into 

the giant dipole state which subsequently decays by 

gamma-ray emission. 

4 . 2. 2. 1. Statistical capture model 

The starting point for the study of the neutron 

capture cross sections according to the statistical 

theory is the formula 

(a) o(n,y) 

where is the overall cross section for the compound 

nucleus formation and is the decay probability of 

the compound nucleus through the capture channel. 

Lane and Lynn17) have derived for the form 

(b) 

where ry 
is the width for gamma-ray emission to levels

of the residual nucleus below the nucleon separation 

energy, rn is the neutron emission width at excitation

energy E* of the compound nucleus, and x is a factor 
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�hich takes into account effects of reactions other 

than neutron emission in the decay of the compound 

nucleus. 

In the determination of the neutron width and the 

total capture width, Lane and Lynn used Newton's 

expression65l for the level density of the compound

nucleus and the formula of Feshbach and Weisskopf66l 

for the level density of the residual nucleus. Their 

formula for the neutron absorption cross-se·ction was 

based on the work of Thomas67) , and in calculations 

of the photon absorption cross section they used a 

formula derived from the profile function of Cauchy. 

Among later studies of neutron capture according 

to the statistical theory, the calculations of 

Cvelbar et a1.2 6 l for theoretical analysis of the neutron

capture spectra must be mentioned. 

4.2.2.2. Direct capture model 

In the capture reaction according to the direct 

capture theory, the incident nucleon is captured into 

an empty bound single-particle orbit and the excess 

energy is emitted. The study can be limited to electric 

dipole radiation because the probability of magnetic 

dipole radiation and quadrupole radiation is in most 

cases two or three orders of magnitude smaller. 
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In standard notation16) , the cross-section formula 

for direct neutron capture, where the incident neutron 

goes into the single-particle state with quantum numbers 

n, 1 and j, is given as27) 

(a) 

where 

(b) 

(c) 

(d) 

D 0nlj

K 

2 3 3 8,rz e MnEY

3A2k 1 h5c3 

G(l,j,l',j') • -½ ( 1 + 1' + 1 ) {2 j+ 1 ) {2 j+ 1 ) { 

I l/lnlj (r) r3l/J1' j' (r) dr

0 

1 

2 j'j

1 l' 
} 

Here Mn and k' are the reduced mass and the wave

number of the incident neutron, respectively. EY 

, 

is the energy of the emitted gamma ray; E+Bnlj' 

where E is the energy of the incident neutron in the 

center-of-mass coordinate frame and Bnlj is the

binding energy of the state with quantum numbers n, l 

and j. The quantum numbers 1, l' and j, j' refer to 

the initial and final states of the neutron, and{} 

is a Racah 6j symbol. l/ll'j' (r) is the radial wave function
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of the initial state of the neutron, normalized according 

is the radial 

wave function of the final state of the neutron. In 

equation (a) sums are taken over l' = 1± 1 and j' j±1. 

The formula (a) agrees with that of Lane and Lynn17l 

for direct neutron capture, with the addition of the 

factor which takes into account the spin-orbit inter­

action between the initial and final states. 

4.2.2.3. Collective capture rrodels 

The idea of interference between capture processes 

through direct capture and through the giant resonance 

was suggested by Ferre11
82) in 1962. 

Partly on the basis of this idea, Brown19) , Lushnikov 

and Zaretsky22) and Clement, Lane and Rook21) derived

each their own formula for the collective neutron capture 

cross section. 

The basic idea is that the total transition amplitude 

is a sum of the transition matrix element for the direct 

capture and a transition matrix element for the semi-

direct capture. Brown19) suggested that the core and

the valence neutron are involved in the inverse reaction 

to capture, the photonuclear reaction. The capture process 

corresponds to the case in which the valence neutron 

is excited. By using a simple schematic model for 

calculating the interaction between the valence neutron 
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and the core, and for calculating the total dipole 

operator of the system, Brown got the following 

expression for the capture cross section: 

(a) 

where 

(b) 

Here is the cross section for direct capture 

in accordance with equation 4.2.2.2 (a), ER is the

excitation energy of the giant dipole resonance (GDR), 

r is the width of the GDR, E0 is the mean value of the

excitation energy of the undisturbed particle-hole dipole, 

and Ey is the energy of the emitted gamma ray.

Lushnikov and Zaretsky
22) derived their capture

cross-section formula by using the inverse reaction, i.e. 

the photonuclear reaction. The cross section for the 

photonuclear reaction in the region of the GDR was derived 

by them using the general Migdal theory
84l in which the

nuclei are handled as a Fermi gas of the interacting 

quasiparticles. The cross section of the photonuclear 

reaction can be transformed into the cross section of 

the capture reaction by examining the inverse reactions 



-54-

and summing the part of the direct reaction cross section. 

The formula of Lushnikov and Zaretsky is 

(c) 

where 

(d) 

Here the rotation is the same as in (a) and (b) , but r
0 

means the width of the GDR according to the noninteracting 

quasiparticle model. 

Clement, Lane and Rook
21) supposed that a deformed 

optical potential with a particle-vibration coupling 

term can excite the collective vibrational states of the 

nucleus through the interaction between the incident 

neutron and the target nucleus. The formula for the 

collective neutron capture cross section can be derived 

by adding the particle-vibration contribution to th0 wave 

functions of the initial states in the direct capture 

cross section equation as a perturbing term and by 

using a sum rule in the calculation of the state functions. 

The result is 

(e) 
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C 
<Mnljl'j' > 
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1 

E -E +lry R 2 

C 
<Mnljl'j' > 

D 
<Mnljl'j' > 

U is the optical potential of the incident neutron and 

v
1 

is the strength of the particle-vibration coupling. 

Otherwise the notation is the same as in (a) -(d) and 

4.2.2.2 (a) -(d). 

The models of Brown19) , Clement, Lane and Rook21) , 

and the later models of Longo and Saporetti36) and

Potokar34) are applications of the same basic idea and 

their differences appear only in the coupling inter­

action functions. 

These differences in interactions between the 

incident neutron and the giant dipole excitation of the 

target nucleus can be better understood by writing the 

neutron capture cross section in terms of the direct 

2 

capture cross section, D onlj' for the capture of a neutron

width angular momentum quantum numbers 1 1 and j' into 

a single-particle orbit with quantum numbers n, 1 and j, 

and an effective charge factor Feff:
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(g) DSD D 
F 0nlj 0nlj eff I 

where 

[l/Jnlj 
(r) h(r) 1)!1,

j
, (r) dr

2 

(h) F 1 - 1 
eff 

E -E -iI fl/Jnlj (r) r1)!1,j' (r)dr
R y 2 

Here h(r) is the coupling interaction function which 

is proportional to the particle-vibration coupling, 

and which is just the factor responsible for the differences 

between the various formulations. 

The formula of Brown19) 
for h(r) was 

(1) h (r) LiE•r , 

where LiE is the shift in energy of the dipole state 

from the unperturbed particle-hole energy. 

Clement, Lane and Rook21) 
described the polarization 

of the target nucleus differently by using a surface-peaked 

particle-vibration coupling, 

(2) h (r) constdf(r) 
dr 

where f(r) is the nuclear density form factor . 
. 31 36) Longo and Saporetti ' . suggested a volume 

form for the coupling, 
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(4) 
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h(r) const r f (r) 

Zimanyi, Halpern and Madsen37) had an expression 

h(r) const (adf(r) + bf (r) ) 
dr 

where the contributions of a surface-peaked coupling 

and a volume term have been included . 

The latest expression for the coupling interaction 

functions in the neutron capture cro ss sections is due 

to Potokar
34l. Potokar proposed a complex neutron-nucleus

coupling interaction which has a real part of volume form 

and an imaginary surface-peaked part, 

(5) h (r) t (V f( ) l·w14 b  �).cons • r 1 r -
dr 

This expression for the coupling function implies the 

inclusion in the reaction mechanism of more complicated 

nuclear excitations than the previous formulations. 

4.2.3. Compariscn of theoretical and correct experirrental results 

of neutron capture cross sections 

The calculated neutron capture cross-section results 

obtained with the theories mentioned in chapter 4.2.2 and 

compared with correct experimental results in table 8 and 
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Tab le 8 . Corrparison of the correct eiq:erilrental results 
and results from the different theories for neutron 

capture cross sections. 

Target r-t>del 

27
Al St 

D 
C6DB

32S St 

D 
C6DB
C6DC

52Cr St 

D 
C6DB
C6DLZ

56Fe St 

D 
C6DB
DSDLZ

1271 St 

D 
C6D 

a) From ref. 24.

b) Present work.
c) Fran ref. 81.

Them:y 
(µb) 

ref. 27 

330 a)

100 a)

410 a)

90 

130 

380 

274 

80 

220 

864 

540 

60 

134 
1130 
470 

0.01 a)

400 a)

990 c)

Exp. 
(µb) 

ref. 26 

690±50 a)

500:!.:20 cl

410±30 

500:!.:100 

920:!.:130 

370±170 

1130:!.:130 

1090:!.:30 a)

900:!.:300 b)
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in ref. 27. The aim of these comparisons has been to 

examine the general validity of the statistical model, 

direct capture model and collective models. 

The results of the statistical model and the direct 

capture model disagree clearly with the experimental 

results. Both models give results which are too small, 

the results of the statistical theory by one or two 

orders of magnitude, and the results of the direct 

model by about a factor of 2 - 10. The results of the 

collective models agree with the experimental results 

reasonably well. 

The following table 9 presents a more extended 

comparison between the results of the DSD models and 

the correct experiments in the region A? 30. 

The agreement is in general good between the total 

capture cross-section results shown in table 9. 

However, more exact examinations of the validity of the 

various collective model formulations using total 

capture cross sections are impossible. This is because 

the accuracy of the experimental total neutron capture 

cross-section results is quite poor and the differences 

between the results of the various DSD formulations are 

small. Besides, the DSD results are strongly dependent 

on the selection of the parameter values used in 

calculations and there are considerable uncertainties 

in the literature even in the values of the most crucial 

factors. 



Table 9. 

Target 

27Al 

28Si 

328 

50Ti 

51v 

52Cr 

5¾. 

56
Fe 

59
Co 

82Se 
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Comparison of the results of the oorrect experilrents 

and the DSD rrodel for 14-15 MeV neutrons in the 
region A � 30 . 

DSD Ref. Correct act. Ref. 

(µb) theory and spectr. (µb) exp. 

410 24 690:!.: 50 24 
510 81 500:!.: 20 81 a) 

410:!.: 80 26 

414 30 640:!.:165 30 
470:!.: 70 82 

380 27 500:!.:100 26 

390 81 450:!.: 30 81 a) 

430 29 730:!.:150 26 
600:!.:150 present a) 

500 81 490:!.: 60 81 a) 

800 29 no:!.:130 26 
864 27 

950 29 780:!.:160 26 

960 29 870:!.:170 26 
1130 27 

820 29 700:!.:150 26 
730 32 1020±260 32 

650 29 870±170 41 
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Table 9 continue 

85
Rb 805 30 770±230 30 

89y 1200 29 
965 30 1020±230 30 

1050 79 

9� 700 32 800±200 32 

103
Rh 720 32 750±200 32 

<2000 present a)

810 81 < 2000±300 81 a)

1271 990 81 1130±130 41 
1090± 80 24 
900±300 present a)

< 1330±350 81 a)

133Cs 1415 33 1510±420 33 

138Ba 1000 29 1400±300 41 

13\,a 1300 29 1350±400 33 
1155 33 

980 81 700±:300 81 a)

140Ce 1170 33 1260±360 33 
1300 79 

159
'Ib 1300 33 1750±:450 33 

165
Ho 1000 29 1050± 60 9 

< 2000 present a)

208Pb 950 29 930±50 9 
780 31 900±300 83 

a) Correct activation rrethod.
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Some studies of the validity of various DSD 

formulations have been made by using reaction gamma­

ray spectra and partial cross sections for gamma rays 

to single-particle states7B - BO)
. For example, in the

case of the 208Pb(n,y) g912 partial cross section,

the volume term formulation gives a better agreement 

with experimental results78) that does the surface­

peaked formulation. 

4.2.4. Mass-nunber dependence of 14-15 MaV neutron 

capture cross sections 

The mass number dependence of 14-15 MeV neutron 

capture cross sections is shown in fig. 13. 

The dependence is weak and in the region A� 50 the 

cross section results are about one mb. Figure 13 shows 

also that the previous result for this dependence, which 

implied shell effects, was incorrect. 
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In the present work, the reasons for the inaccuracies 

of the activation cross-section results for 14-15 MeV 

neutrons were systematically studied and several new 

methods for "correct" measurements of activation cross­

sections developed
44-46)

. The accuracies of the activation

results which can be reached using these methods are

typically for the reactions (n,2n), (n,p) and (n,a) 

about 5-15 % and for the capture reaction 20-40 %.

The poor accuracy of the capture cross sections is mainly

due to the counting statistics because of low neutron

fluxes and small samples.

The present experimental results of the reactions 

(n,2n) , (n,p) and (n,a) agree quite well the latest 

results in most cases
11) . The statistical theory seems 

to be able to predict the results reasonably well, too. 

In capture cross-section measurements by the activation 

method, the main attention must be paid to the corrections 

of the uncertainties due to the secondary neutrons. 

This has been demonstrated for the first time in the 

present work and its importance is apparent. The present 

results were confirmed by later work
52186188l , in 

which, however, the total mass of the target heads used 

in the activations was larger, although the basic shape 

and the material were similar to ours. 
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The present results for the neutron capture cross 

sections agree well with the results obtained by the 

spectrum method. This agreement, together with the 

activation results of Rigaud et al. Sl), indicate that 

most of the 14-15 MeV capture cross sections measured 

previously by the activation method are incorrect. 

A comparison between the correct experimental and 

the theoretical results shows that one can obtain the 

best agreement using the DSD models. However, the general 

validity of the various DSD models cannot be evaluated 

using the total cross-section results because of the 

limited experimental accuracy and the strong dependence 

of the theoretical results on the parameters used. 
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